Abstract The ability of 11 models in simulating the aerosol vertical distribution from regional to global scales, as part of the second phase of the AeroCom model intercomparison initiative (AeroCom II), is assessed and compared to results of the first phase. The evaluation is performed using a global monthly gridded data set of aerosol extinction profiles built for this purpose from the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) Layer Product 3.01. Results over 12 subcontinental regions show that five models improved, whereas three degraded in reproducing the interregional variability in Z α0-6 km , the mean extinction height diagnostic, as computed from the CALIOP aerosol profiles over the 0-6 km altitude range for each studied region and season. While the models' performance remains highly variable, the simulation of the timing of the Z α0-6 km peak season has also improved for all but two models from AeroCom Phase I to Phase II. The biases in Z α0-6 km are smaller in all regions except Central Atlantic, East Asia, and North and South Africa. Most of the models now underestimate Z α0-6 km over land, notably in the dust and biomass burning regions in Asia and Africa. At global scale, the AeroCom II models better reproduce the Z α0-6 km latitudinal variability over ocean than over land. Hypotheses for the performance and evolution of the individual models and for the intermodel diversity are discussed. We also provide an analysis of the CALIOP limitations and uncertainties contributing to the differences between the simulations and observations.
Introduction
Among the main sources of uncertainties in the impact of aerosols on the global radiation balance is the diversity in aerosol vertical distribution simulated by global models [Textor et al., 2006 [Textor et al., , 2007 Koffi et al., 2012; Samset et al., 2013; Kipling et al., 2013; Myhre et al., 2013; Kim et al., 2014; Vuolo et al., 2014; Hodnebrog et al., 2014; Samset et al., 2014; Kipling et al., 2015] . This diversity is due to the large uncertainty in the processes affecting the vertical distribution of aerosols [e.g., Kipling et al., 2013 Kipling et al., , 2015 , as well as to the lack of sufficient altitude-resolved information on their abundance and properties. However, significant progress in characterizing the tropoSatellite Observations (CALIPSO) satellite that has been acquiring cloud and aerosol backscattering data since mid-June 2006 . The CALIOP Level 2 Layer 5 km product Omar et al., 2009; Vaughan et al., 2004 Vaughan et al., , 2005 has been used in previous studies to assess the 3-D distribution of tropospheric aerosols from regional to global scales [e.g., Yu et al., 2010; Koffi et al., 2012; Sheridan et al., 2012; Di Pierro et al., 2013; Winker et al., 2013; Prijith et al., 2016] . Despite several limitations (see, for instance, Koffi et al. [2012] , Winker et al.[ 2013] , Young et al. [2013] , and Kim et al. [2014] ), the version 3.01 product [e.g., Hu et al., 2009; Liu et al., 2010; Vaughan et al., 2010] was shown to provide a realistic and representative description of the mean regional vertical distributions and seasonal variations of aerosol extinctions, over source and downwind regions.
The AeroCom (Aerosol Comparison between Observations and Models; http://aerocom.met.no) project aims at documenting and evaluating the aerosol component modules of global models and proposes intercomparison experiments for such evaluation. Participating modelers are requested to follow a common dataprotocol and provide detailed model outputs. In a first model comparison exercise ("AeroCom IA," hereafter), the inhomogeneous performance of different global models in reproducing aerosol properties and distribution showed the need for further model evaluation, as well as room for further model improvement. The unresolved questions have motivated the AeroCom participants to perform a new set of experiments ("AeroCom II," hereafter) with adapted diagnostics, together with further evaluation analyses [Schulz et al., 2009] .
The AeroCom models' aerosol properties have been widely documented, evaluated, and analyzed in many previous AeroCom I [e.g., Kinne et al., 2006; Schulz et al., 2006; Textor et al., 2006 Textor et al., , 2007 Koch et al., 2009; Huneeus et al., 2011; Koffi et al., 2012] and AeroCom II [e.g., Myhre et al., 2013; Kim et al., 2014; Mann et al., 2014; Tsigaridis et al., 2014; Kipling et al., 2015] studies. Our study is specifically dedicated to the evaluation of the aerosol vertical distribution that is assumed to play an important role in aerosol-climate forcing, which depends not only on the aerosols' concentration, composition, and optical depth but also on the altitude of the aerosol layers in the atmosphere. In a previous paper (Koffi et al.[ 2012] ; referred to as "K12" hereafter), we used the CALIOP Layer product 3.01 to derive monthly regionally averaged aerosol extinction profiles over the period [2007] [2008] [2009] for the evaluation of AeroCom IA "control" experiment for the year 2000 [Dentener et al., 2006; Textor et al., 2006; Schulz et al., 2006] . The models' ability to simulate the mean annual vertical distribution of aerosol extinction, as well as its seasonal variations, was assessed over different subcontinental source and downwind regions representative of industrial, dust, and biomass burning pollution. Our presumption was that the CALIOP observations do provide, in a climatological sense, a consistent and robust depiction of the typical vertical distribution of aerosols and its seasonality over the 13 selected source and downwind regions, which was largely tested and documented in this first study. The evaluation of AeroCom IA simulations showed significant discrepancies compared to CALIOP observations, as well as large differences among models, due to a complex combination of different assumptions about emissions, transport, removal pathways, and optical properties. The present paper is an update and extension of K12 documentation and evaluation work, which aims at providing further spatial and temporal details on the individual AeroCom models' skills and at better understanding the reasons for the model discrepancies and diversity. As in K12, it is dedicated to the evaluation of the vertical distribution of the aerosol extinction. Therefore, the analysis of the models' performance focuses on normalized aerosol extinction profiles and mean extinction height diagnostics. Its specific objectives are (i) to determine to what extent and in what manner eight of these models have improved between the two AeroCom experiments, with respect to their skill in reproducing the shape of the 2007-2009 CALIOP-derived mean aerosol extinction profiles over the selected regions, (ii) to evaluate the performance of the three additional models, in the same regions and seasons, and (iii) to further evaluate the AeroCom II models results, as a function of latitude and of land/ocean cover type. To fulfill these objectives, we compiled a monthly, global 1°× 1°gridded data set of aerosol extinction profiles, at 100 m vertical resolution using the K12 methodology, and performed an in-depth analysis of its limitations and uncertainties in order to better assess the uncertainties on models versus observation differences. section 3. A qualitative and quantitative assessment of the ability of the individual models in reproducing the CALIOP-derived extinction profiles is provided in section 4. The (changes in the) performance of the individual models and the intermodel diversity, as well as the AeroCom-CALIOP product's limitations and uncertainties, are discussed in section 5 before concluding in section 6.
Model and Observational Data 2.1. AeroCom Simulations
Eleven global aerosol models that participated in the AeroCom Phase II present-day "control" experiment [Schulz et al., 2009; Myhre et al., 2013] are here examined. One global aerosol model is from Japan (SPRINTARS), five from Europe, and five from North America. Eight out of the 11 models (or their predecessors) were also part of the AeroCom IA "control" experiment analyzed in K12: CAM5.1 [Liu et al., 2012] , CAM4-Oslo [Kirkevåg et al., 2013] , GISS-modelE [Koch et al., 2011] , GOCART-v4 , LMDz-INCA [Hauglustaine et al., 2004; Schulz, 2007; Balkanski, 2011; ] , ECHAM5.5 [Zhang et al., 2012] , OsloCTM2 [Skeie et al., 2011a] , and SPRINTARS [Takemura et al., 2005 [Takemura et al., , 2009 . The model setup and configurations are model dependent, with a horizontal resolution from 1.1°longi-tude × 1.1°latitude (SPRINTARS) to 3.75°× 1.9°( LMDz-INCA). The number of vertical layers varies from 19 to 72, of which 10 (LMDz-INCA) to 29 (GMI-MERRA, OsloCTM2) are below 10 km altitude (Table 1a) .
For consistency with K12, the phase II models CAM5.1, LMDz-INCA, ECHAM5.5, and GOCART-v4 models are, respectively, denoted PNNL, LSCE, ECHAM-HAM, and GOCART hereafter, as in phase I. While some models have not undergone major changes between the AeroCom phases, others have been so heavily revised (e.g., PNNL or CAM4-Oslo) that they could be viewed as different models (see "Degree of revision" column in Table 1a ) as further discussed in section 5.2. The three additional phase II models studied here are GISS_MATRIX [Bauer et al., 2008] , GMI-MERRA [Bian et al., 2009] , and HadGEM [Bellouin et al., 2011] .
In AeroCom IA, the models used either their own choice of 2000 emission data set or the Dentener et al. [2006] 2000 1°× 1°unified data set. The fact that the modelers were allowed to use aerosol emissions of their choice complicated the interpre- Models' description (in bold are highlighted the models also investigated in K12). N lev0-10 km is the number of model levels below 10 km.
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tation of the model diversity [Kinne et al., 2006; Textor et al., 2006] . Although the initial recommendation in AeroCom II was for the models to use 1°× 1°HCA0 v1 2006 emissions [Diehl et al., 2012] , only four of them did, whereas the other models analyzed in this study applied the 0.5°× 0.5°2000 emissions from Lamarque et al. [2010] (Table 1b ; see also http://aerocom.met.no/emissions.html). The three emission data sets include inventories of black carbon (BC), primary organic carbon (OC), and SO 2 emissions from land-based anthropogenic sources, ocean-going vessels, air traffic, and biomass burning (Table 1c) 
Satellite Retrievals
The CALIOP Level 2 Layer 5 km data set used to build the "AeroCom-CALIOP" global product (see section 3.1) is derived from the attenuated Level 1 data through the use of a complex algorithm system that detects cloud and aerosol features, estimates aerosol lidar ratio, and retrieves profiles of aerosol extinction coefficients Omar et al., 2009; Vaughan et al., 2004 Vaughan et al., , 2005 ]. The extinction profiles are then integrated over height to derive estimates of the AOD of the cloud and aerosol detected layers at 532 nm and 1064 nm wavelengths. From the CALIOP Level 2 Layer 5 km data, we used the AOD, the bottom and top above sea level altitudes, and the cloud-aerosol discrimination score information of all individual aerosol and cloud detected layers. Only the data at 532 nm wavelength, with a better signal-to-noise ratio than at 1064 nm, and only the nighttime observations, which show significantly lower attenuated backscatter noise than daytime observations, are considered. All-sky data are used in order to ensure a higher representativeness of the aerosol regional climatology. In order to evaluate our AeroCom-CALIOP global product (section 3.1), we also analyzed AOD measurements from the Level-3 MODIS Atmosphere Monthly Global Product (Collection 5) over the same 2007 to 2009 period, using the MOD08_M3 "Optical Depth over Land and Ocean" data. Over desert areas, where MODIS algorithm fails at retrieving valid AOD, the "Deep Blue AOD at 550 nm" data are used.
Methods
The AeroCom-CALIOP Gridded Aerosol Product
The AeroCom-CALIOP product is a 3-D 1°× 1°gridded global data set of aerosol extinction profiles that has been built from the CALIOP 5 km Level 2 aerosol layer data produced by the CALIPSO algorithm Winker et al., 2009] , after applying the same screening methods as described in more details in K12: First, two aerosol data screenings are applied, following Yu et al. [2010] : The first screening excludes the aerosol layers that have low cloud-aerosol discrimination scores, and the second screening excludes cases where the initial lidar ratio has been adjusted by the CALIPSO algorithm. Although these retrievals only rarely occur, they generally lead to anomalously high AOD Winker et al., 2009; Young and Vaughan, 2009; Kittaka et al., 2011] . We use all-sky data to ensure a higher representativeness of the aerosol regional climatology. Therefore, we also apply a vertical cloud mask (derived from the CALIOP 5 km cloud Horizontal winds are nudged to NCEP reanalysis [Kalnay et al., 1996] , with the rest of the climate parameters being calculated online. layer product) that excludes cloudy layers, where aerosol layers cannot be detected by the lidar, as well as atmospheric levels below cloud and aerosol features that are optically thick (identified from the "layer opacity flag"). We also disregard vertical layers that are below the surface elevation at the lidar footprint. Elsewhere, at levels where the CALIOP 5 km Level 2 product reports neither cloud nor aerosol, the atmospheric level is assumed to have zero aerosol extinction. Under certain conditions, a "base extension" algorithm is applied during CALIOP Level 2 retrieval. In these cases, the aerosol retrieval stops 90 m above the surface in order to limit the contamination of the measured signal by the surface return . To reduce the impact of this feature on our mean aerosol vertical profiles, we set the aerosol layer base level at the surface whenever its reported elevation, in the CALIOP 5 km Level 2 product, is less than 10% of the aerosol layer depth. This procedure was shown to at least partly remove unrealistic low aerosol extinction at the surface K12. Each well-defined aerosol layer and aerosolfree layer is then split in 100 m height segments to allow for the calculation of the mean aerosol extinction profile.
In order to quantitatively assess the ability of the different models to reproduce the observed aerosol mean vertical distribution, the Z α mean extinction height diagnostic (equation (1)) established by K12 is used:
where n is the number of 100 m altitude layers, b ext,i is the aerosol extinction coefficient (km À1 ) at level i, and Z i is the altitude (km) above sea level of level i. It provides a useful and simple measure to gauge the performance of the models for different regions and seasons (at least in the case of monotonically decreasing aerosol vertical profiles), in terms of estimate of the typical mean height of the aerosol extinction. Because of CALIOP aerosol retrieval limitations, and notably to the fact that the retrieval is not sensitive to low aerosol loadings in the high troposphere Winker et al., 2013] , we use the Z α0-6 km diagnostic only computed over the 0-6 km altitude range, as in K12.
While K12 analyzed mean aerosol profiles calculated over subcontinental regions, the averaging has been performed here at global scale onto the 1°× 1°grid cells. Illustrations of the resulting AeroCom-CALIOP 3-D gridded product are provided in Figure 1 . It shows the global distribution of the Z α mean extinction height diagnostic computed (equation (1)) for the 2009 four seasons. Because Z α is referenced to sea level, higher values are generally obtained over higher altitude regions. More interestingly, varying seasonal patterns of the aerosol mean extinction height show up, such as higher situated aerosol over the Northern Africa in Northern Hemisphere (NH)-summer (June-August (JJA)) and higher aerosol in the Southern Africa in Southern Hemisphere (SH)-summer (December-February (DJF)) season. The reliability of the AeroCom-CALIOP product was already assessed in K12. It was shown to provide a representative characterization of aerosol extinction typical heights at seasonal and subcontinental scales and a robust benchmark data set for the evaluation of the global atmospheric models. As mentioned previously, the CALIOP screening and averaging methods follow K12, except that the profiles are first aggregated and averaged onto a global 1°× 1°latitude-longitude grid before the calculation of the regional mean. While the different averaging induces some differences in the magnitude of the mean aerosol extinction values over the selected regions shown in Figure 2 (see Figure S1a in the supporting information), it provides similar normalized profiles and Z α0-6 km values (with differences < 5%) as shown in Figure S1b .
To further assess our CALIOP data processing and resulting global gridded product, we also compare the derived AOD and Z α0-6 km values to the ones calculated from the NASA CALIOP Level 3 aerosol global data set (the so-called "NASA product," hereafter). In the latter study, different (e.g., in the low troposphere) or additional (e.g., based on quality flags) screenings are applied to the original CALIOP Layer data. For instance, to avoid underestimating the lowest part of the aerosol profile, when the base of the lowest detected aerosol layer is above the local surface but lower than 2.46 km, the NASA algorithm ignores the "clean air" parcel which is found between the surface and the base of the lowest aerosol layer . In contrast, we instead apply an extrapolation of the extinction from the aerosol layer base to the surface in cases of low
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altitude aerosol layers (see K12). The AeroCom-CALIOP (1°× 1°resolution) and NASA (2°× 5°latitude-longitude resolution) global products show substantial differences in the shape of both the absolute and normalized mean regional extinction profiles (see Figures S2a and S2b in supporting information, respectively). Notably, and not surprisingly, higher aerosol extinction is obtained in the lowest kilometer (inducing lower Z α0-6 km values) when applying the NASA Level 3 processing, which can be at least partly explained the use of the CALIOP level 2 aerosol profile product rather than the level 2 aerosol layer product, which is used to build the AeroCom product. The level 2 aerosol profiles report retrieved aerosol extinction in the aerosol layer as a function of altitude, whereas the level 2 aerosol layer data report the average properties (e.g., AOD) for each aerosol layer detected. Since many aerosol extinction profiles increase near the surface, the aerosol 
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extinction in the layer product is overestimated in the higher part of the aerosol layer and underestimated at lower altitudes. This feature, which is common to the averaged aerosol properties computed in the different model levels, can induce significant differences in the lowest part of the atmosphere compared to profiles derived from the CALIOP level 2 profile data. Nevertheless, despite a resulting Z α0-6 km difference of about 0.2 km between the two products (after interpolating the NASA profiles at the same 100 m vertical resolution than the AeroCom-CALIOP product), the interregional diversity appears to be very similar and strongly correlated (Figure 3, top) . In Figure 3 , we also compare the respective CALIOP-derived AOD to the MODIS measurements described in section 2.2. As K12, the present study focuses on subcontinental and seasonal mean aerosol distributions, so no exact colocation between MODIS and CALIOP overpasses is considered. Figure 3 (middle) shows a good agreement of the AeroCom-CALIOP product with the MODIS AOD over the four seasons, which is also true for the NASA product ( Figure 3 , bottom).
In the present study, we also evaluate the AeroCom models over land and ocean in Northern and Southern Hemispheres (10°latitude bands from 70°S to 70°N). Coherent and consistent seasonal AOD are generally obtained (see Figure S3 in the supporting information) from the AeroCom-CALIOP product as compared to MODIS measurements: As expected, for both data sets, a higher AOD latitudinal variability appears in all seasons over land than over ocean. Also expected is the larger south to north AOD gradient obtained during the March-April-May (MAM) and JJA seasons compared to the other seasons, both over land and ocean. Over ocean, the AOD derived from the AeroCom-CALIOP product is significantly correlated (0.625 < r < 0.824; p < 0.05) with the MODIS data in all seasons but tends to be underestimated in the Northern hemisphere during the MAM and JJA seasons. Over land, a particularly good agreement is obtained between the two data sets for the MAM and JJA seasons both in terms of correlation (r > 0.900) and accuracy, whereas no correlation with MODIS is obtained for the December-January-February (DJF) season. In addition to the present evaluation analysis that concerns the total aerosol, Kim et al. [2014] showed that the dust fraction of the aerosol, which is also part of the AeroCom-CALIOP product, generally agrees in magnitude, distribution and seasonality with that from MODIS, MISR, SeaWiFS, and AIRS observations over North Africa and the North Atlantic.
The Evaluation of the Aerosol Vertical Distribution in the AeroCom Models
The model-derived mean aerosol profiles and extinction height are calculated from the 3-D AOD fields in a way analogous to the CALIOP-derived products: horizontal averaging of the models' cells within the selected regions, after converting the pressure levels to a 100 m resolution altitude vertical grid. While the regional averaging does not allow an exact spatial and temporal match between the model cells and CALIOP overpasses, it provides a complete image of the simulated climatology of the tropospheric aerosol distribution over a given region. A sensitivity test conducted by K12 showed little change in the mean vertical profiles when sampling the model at the CALIPSO observation location versus a full regional average, indicating that the CALIOP coverage is adequate to evaluate the mean aerosol climatology on seasonal time scale over subcontinental areas. Other sensitivity analyses on our CALIOP/model data processing and comparison method were performed in K12 (e.g., nighttime versus 24 h data and all-sky versus cloud free data). In the present study, the impact of vertical resolution, cloud versus aerosol discrimination, and processing of the lower troposphere is further discussed in section 5.
As an illustration of the evaluation approach, the models (2000 or 2006) and CALIOP-derived (2007 CALIOP-derived ( -2009 mean global annual aerosol extinction profiles are shown in Figure 4 . Because our main purpose is to evaluate the shape of the profiles and the Z α0-6 km typical mean extinction heights (rather than the amplitudes of the extinction), the profiles are normalized to a common AOD (= 1) over the 0-10 km altitude range, which allows an easier visual comparison. A substantial intermodel diversity is observed, with significant negative (e.g., GISS-ModelE, GISS-MATRIX, and SPRINTARS), and positive (GOCART and CAM4-Oslo) bias in the mean global Z α0-6 km diagnostic. As explained in K12 and shown in this figure, the extrapolation used in our CALIOP processed product for altitudes near the surface (see section 3.1) does reduce but does not totally remove the observed low mean extinction near the surface.
While the aerosol optical depth comparisons discussed in section 3.1 give further confidence in CALIOPderived extinction profiles, it is worth noting that the AOD, which corresponds to the column integrated aerosol extinction, and the Z α0-6 km mean extinction height are two different aerosol diagnostics that are not necessarily linked. In the case of our 12 studied regions for instance, the scatterplots between the seasonal Z α0-6 km and AOD CALIOP-derived diagnostics (see Figure S4 in the supporting information) show significant correlations (p < 0.05) for the JJA (r = 0.580) and MAM seasons (r = 0.763), whereas the two variables are poorly to very poorly correlated in the September-November (SON) (r = 0.546) and DJF (r = 0.320) seasons, respectively. Because the main objective of this study is the evaluation of the shape of the vertical profile as derived from normalized aerosol extinction profile (see section 1), AeroCom model versus CALIOP AOD comparisons are mainly provided in the supporting information. 
Results
AeroCom II Versus AeroCom I Performance Over Selected Regions
The shape of the mean annual AeroCom II extinction profiles are compared to AeroCom IA in section 4.1.1, whereas the quantitative assessment of the simulated annual and seasonal Z α0-6 km mean extinction heights is provided in section 4.1.2. First conclusions for the factors responsible for the models' biases and changes are further discussed in section 5.
Comparison of the Simulated and Observed Extinction Profiles
The main differences between the shapes of AeroCom IA (see Figure 5 of K12) and AeroCom II ( Figure 5 ) mean annual regional aerosol extinction profiles are summarized hereafter:
1. General shape. Similar to AeroCom Phase I, most of the AeroCom II models reproduce the observed mean annual profiles, which are characterized by a decrease of the extinction coefficient magnitude from the surface to about 5 km. Different typical shapes are observed according to the type of the region, with a more abrupt decrease from the surface to the high troposphere for the marine (e.g., NWP and NAT) than for the biomass burning and dusty (e.g., NAF and WCN) regions. The profiles simulated by the GISS-ModelE show a bimodal shape. The local all-sky AOD maximum at the cloud level in GISS-modelE is caused by AOD from sulfate aerosols. In-cloud aerosol formation at these altitudes leads to enhanced AOD in that model. For an accurate evaluation between the model and a satellite retrieval, the clear-sky AOD needs to be used [Kim et al., 2014] , which was not available in three dimensions for this study. 2. Dusty regions. AeroCom IA models generally reproduced the general shape of the aerosol vertical distribution over the African (NAF) and Chinese (WCN) dust regions, as well as in the Indian (IND) industrial region. AeroCom II models still perform relatively well over India but generally overestimate the fraction of the aerosol extinction below 1.5 km altitude over the dust regions. This is particularly true for two models: the Oslo-CTM2 model, which shows a Z α0-6 km bias of À0.60 km over the WCN region and the CAM4_Oslo model, which shows a Z α0-6 km bias of À0.77 km over the NAF region. 3. Upper troposphere. The tendency of a few AeroCom IA models to overestimate the aerosol extinction above 4 to 6 km is confirmed in the case of some AeroCom II models (e.g., CAM4-Oslo, GOCART, LSCE, Oslo-CTM2, and GMI-MERRA), whereas others (SPRINTARS, GISS-MATRIX, and HadGEM) show a higher than observed aerosol fraction in the lowest part of the troposphere.
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4. Marine downwind regions. Large discrepancies between observed and simulated aerosol extinction profiles over the Atlantic (NAT and CAT) and Pacific (NWP) downwind maritime regions were found during AeroCom-IA intercomparison exercise. In AeroCom II, these results were modestly improved in the NWP region and much improved in the CAT region, at least below 4 km of altitude. 5. Biomass burning dominated regions. K12 showed the difficulty encountered by the previous version of the models to reproduce the specific shape of the aerosol vertical distribution over the SAM, SAF, and CAF regions. With the exception of the SPRINTARS model, the AeroCom II models' performance over the CAF biomass burning region seems qualitatively similar, in annual mean, to the performance of AeroCom IA. Results are worse over the SAF region where the AeroCom II models either still do not reproduce or underestimate even more, the convex character of the observed mean profile. Conversely, the performance is slightly improved and the intermodel range reduced compared to AeroCom IA over South America. Figure 6 compares the AeroCom II and CALIOP mean annual Z α0-6 km diagnostics over the 12 regions. A significant correlation (p < 0.05) with CALIOP observed interregional variability in Z α0-6 km is only obtained for 5 (GISSModelE, SPRINTARS, ECHAM-HAM, PNNL, and GISS-MATRIX) out of the 11 models. The simulation of Z α0-6 km interregional variability is improved for five models (GISS-ModelE, SPRINTARS, LSCE, ECHAM-HAM, and PNNL), whereas it is deteriorated for three of them (GOCART, Oslo-CTM2, and CAM4-Oslo) compared to AeroCom IA experiment ( Figure 7 ). The best correlation with observations is obtained by the GISSModelE (r = 0.903) and ECHAM-HAM (0.829) models, which were already among the best performing models in the AeroCom IA experiment. Despite the unusual shape of the aerosol profiles simulated by the GISS-ModelE, the Z α0-6 km bias (+80 m) and mean absolute error (<200 m) are still rather low. On the other hand, while good (r = 0.591) and very good (r = 0.828) correlations were obtained in AeroCom IA by the GOCART and Oslo-CTM2 models, respectively, their phase II model versions and simulated Z α0-6 km diagnostics are not anymore correlated with CALIOP interregional variability. In the case of CAM4_Oslo, the correlation with observations is still poor, as for the first phase of AeroCom.
It is worth noting that the Z α0-6 km mean annual bias decreased and changed from +75 m to À53 m in model mean between the two studies (eight common models). This result highlights a tendency that models now simulate higher than observed aerosol fraction in the lowest part of the troposphere (see section 4.1.1). This is particularly true for the SPRINTARS model that now simulates Z α0-6 km values about 500 m below the observed ones. A similar but less pronounced negative bias (≈370 m) is also obtained for the GISS-MATRIX model. The two other newly analyzed models (HadGEM and GMI-MERRA) have little capacity to reproduce the Z α0-6 km interregional variability. The HadGEM model also has a tendency to underestimate the mean extinction height over most of the studied regions (Figure 6 ), which results in a Z α0-6 km mean absolute error of about 300 m (Figure 7 ). While the uncertainties in CALIOP-derived Z α0-6 km values (such as the 200 m difference between the AeroCom and NASA-derived Z α0-6 km diagnostics due to differences in the CALIOP data postprocessing) might partly contribute to some of the models biases, they cannot explain missing regional variability in Z α0-6 km . It shows that the model bias toward observations depends highly on the season, with the most systematic biases observed during the MAM and JJA seasons. During these seasons, models tend to underestimate the mean aerosol height over industrial (ECN) and maritime (NWP) regions, as well as over dust (NAF and WCN) and biomass burning (CAF and SAF) source regions. For the dusty regions: While all (for WCN) but one (for NAF) of the models capture the Z α0-6 km seasonal peak in the JJA or MAM seasons, its magnitude is underestimated by all the models compared to the AeroCom-CALIOP diagnostic. The important Z α0-6 km peak occurring during the biomass burning season in the CAF (JJA) and SAF (SON) African regions is also underestimated by all but one model. Very similar but less pronounced patterns were obtained for AeroCom IA simulations over these regions (see Figure 9 of K12). As for AeroCom IA, for almost all the models, there is no negative bias of Z α0-6 km over the downwind Atlantic region (CAT) despite the negative bias over Northern Africa. This unexpected result was explained in K12 by model underestimation of the aerosol extinction magnitude within the maritime boundary layer, which compensates for the too low transport height of African dust. The 2007 seasonal Z α0-6 km mean extinction heights computed from the NASA product (Figure 8 ) show a very similar interregional and interseasonal diversity but lower values than the ones derived from the CALIOP-AeroCom product, especially in the dust regions. These differences, which are due to the differences of the aerosol profiles in the lowest troposphere (see section 3.1 and Figure S2 ), do not affect the main results and above conclusions. Furthermore, according to our preliminary analysis, the recent corrections and updates in the NASA product tend to reduce the Z α0-6 km differences with the AeroCom-CALIOP product (see section 5.3).
The results in model ensemble mean bias (eight common models) between the two phases of AeroCom as compared to the AeroCom-CALIOP product are improved in all seasons and more particularly during the SON and DJF seasons ( Table 2 ). The highest Z α0-6 km relative biases are now obtained for the MAM and JJA seasons. The largest improvement occurs over the industrial EUS and its downwind NAT regions. In these two regions, the Z α0-6 km seasonal bias is reduced in all seasons, resulting in a Normalized Mean Absolute Error (NMAE) of less than 8% on average. Results are also improved compared to AeroCom IA K12 for the IND (NMAE~9%) and WEU (NMAE~11%) industrial regions and to a lower extent for the CAT and NWP maritime ones. In the other regions (ECN, SAF, NAF, and WCN), the NMAE is increased (by 6% for ECN to 39% WCN), due to the underestimation of Z α0-6 km in all seasons (except in DJF for WCN). Despite the fact that the Z α0-6 km and AOD aerosol properties are somewhat intercorrelated (section 3.2), no clear relation is found between the Z α0-6 km (Table 2 ) and AOD (Table 3) mean model biases, which increased by a factor of about 3 and decreased by a factor of 5 in average over the 12 selected regions, respectively. Similarly, no correlation is found between Z α0-6 km and AOD individual models' biases (see Table S1 in supporting information), neither Figure 2 . Observed CALIOP peak season is indicated in the second column. If the model agrees with the peak season, then its entry is highlighted in bold; if the model simulates CALIOP peak season as the second highest, model entry is in normal font; else, if the model simulates the peak season as the third or fourth highest, the entry is italics. b The eight models that participated in both AeroCom I and II are highlighted in bold. Figure 2 . Observed CALIOP peak season is indicated in the second column. If the model agrees with the peak season, then its entry is highlighted in bold; if the model simulates CALIOP peak season as the second highest, model entry is in normal font; else, if the model simulates the peak season as the third or fourth highest, the entry is italics.
b The eight models that participated in both AeroCom I and II are highlighted in bold.
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for AeroCom I (see also Figures 7 and 8 in K12) and AeroCom II simulations nor for the change in performance (see also Figures S6 and S7 in the supporting information). These expected results reflect the changes in the models' input and the different ways different schemes affect the column integrated aerosol extinction and the shape of the aerosol vertical profile. This is due to (i) the fact that the selected regions are a combination of (different types of aerosol) source and downwind regions, with different predominant aerosol altitudes and different Z α0-6 km versus AOD patterns (see, for instance, K12 and references inside) Prijith et al., 2016] and to (ii) a different sensitivity of the two diagnostics to the model capability in simulating the emission of aerosol particles and the subsequent transport/redistribution processes over and downwind from a given region.
The performance of the individual models in reproducing the timing of the seasonal maximum of Z α0-6 km is summarized in Tables 4a and 4b . The ability of the models to simulate the Z α0-6 km seasonal peak (Table 4b ) has generally increased compared to AeroCom IA (Table 4a ). In 83% of the cases, the AeroCom II models agree with the CALIOP peak season (instead of 69% for AeroCom IA). In the other cases, the season with CALIOP Z α0-6 km maximum is ranked second (15%) or worse (2%). Like in AeroCom IA, all the models are able to reproduce the right timing in most of the regions, with five of them (SPRINTARS, LSCE, GMI-MERRA, GISS-MATRIX, and CAM4-Oslo) performing better than the others (i.e., failing in one region only). The JJA maximum over the Atlantic Ocean (CAT), due to the transport of Saharan dust from Africa is now captured by all models. Agreement is also obtained for all the models over the U.S. (EUS), Chinese (ECN), and Indian (IND) industrial regions. Consistently, the simulated seasonality over the North Atlantic (NAT) and West Pacific (NWP) downwind regions is also improved, i.e., only one and two models fail to capture the right season, respectively. Over the main dust regions, the models' performance in simulating Z α seasonal peak is similar (NAF) or improved (WCN) compared to AeroCom IA. It is also somewhat improved over the SAM and SAF biomass burning regions (SAF and SAM) for some models (GISS-ModelE and LSCE) but deteriorated for others (GOCART and PNNL).
It is worth mentioning that three out of the four models that used Diehl et al.
[2012] (CAM4-Oslo, SPRINTARS, and ECHAM-HAM) or Lamarque et al.
[2010] (GISS-ModelE, LSCE, and PNNL) emissions improved in their capabilities in reproducing the seasonality of the Z α aerosol height. Therefore, the differences in the seasonality, 
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and implicit variations in injection height, of both data sets compared to Dentener et al. [2006] might be at least partly responsible for the improvement of the AeroCom II models in this respect. In addition to input emissions, changes in the explicit injection heights, the meteorology and the models' schemes all contribute to the differences. This is also true for the shift from positive to negative of the Z α0-6 km model mean bias. The impact of the region's type (land and ocean) and of the changes in input and model schemes on the models' performance is further documented and discussed in sections 4 and 5, respectively.
AeroCom Phase II Models Performance in Reproducing Aerosol Latitudinal Variation Over Land and Ocean
In the previous section, we analyzed the performance (and evolution) of 11 (8) AeroCom II models in reproducing the aerosol mean vertical distribution and Z α0-6 km mean extinction height diagnostic over 12 subcontinental regions representative of industrial, dust and biomass burning pollution, or marine regions downwind from these continental source regions. In this section, we assess the ability of the same 11 AeroCom II models to simulate the latitudinal variability (14 latitudinal bands from 70°S to 70°N) of Z α0-6 km , over land and ocean.
Annual Mean Distributions
The zonal annual mean Z α0-6 km values over land and ocean versus latitude are shown in Figure 9 . To further assess the AeroCom-CALIOP product (see also section 3.1) and to facilitate the interpretation and the comparison with other studies, the AOD and the H63 metric (the altitude below which 63% of the AOD is found) are also reported.
Over both land and ocean, the mean annual CALIOP-derived AOD shows a maximum around 15°N, which is consistent with MODIS ( Figure 9 ) and with SeaWiFS (see, for instance, Hsu et al. [2012] ) retrievals. The (MODIS and) CALIOP-derived AOD values over land and ocean are within the AeroCom II intermodel range. Disregarding GISS-ModelE, the model diversity in AOD magnitude and AOD latitudinal variability is larger, and the model performance is lower, over the land than over the oceanic regions. The same is found for the 
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Z α0-6 km and H63 diagnostics, with a lower intermodel diversity and a better agreement with observations over the ocean compared to land. The performance of the 11 AeroCom II models, with respect to the latitudinal variation in Z α0-6 km as observed by CALIOP over land and ocean (see Figure 10 ) is summarized hereafter:
1. Ocean. All but two models are able to reproduce the Z α0-6 km latitudinal variations over ocean (r > 0.532; p < 5%), with three them (GISS-ModelE, ECHAM-HAM, and HadGEM) performing particularly well (the linear regression slope coefficient is between 0.7 and 1.3 and the error is less than 100 m). Nevertheless, significant (>200 m) positive biases are found for five models (GOCART, CAM4-Oslo, LSCE, GMI-MERRA-v3, and Oslo-CTM2), whereas two models (SPRINTARS and GISS-Matrix) simulate lower than observed aerosol extinction height, resulting in a multimodel mean bias of +15%. 2. Land. A poorer performance is obtained for the AeroCom II models over land compared to ocean. Only 4 (ECHAM-HAM, HadGEM, LSCE, and Oslo-CTM2) out of the 11 models do reproduce the Z α0-6 km mean annual latitudinal gradient, with the best agreement obtained for the ECHAM-HAM model (r = 0.989; bias = 11 m). While the majority of the models show larger mean absolute errors over land than over ocean, the multimodel mean bias over land (À7%) is smaller, due to a higher compensation between positive and negative biases. The negative biases (HadGEM, GISS_MATRIX, and SPRINTARS) obtained over land ( Figure 10 ) are very similar to those obtained over the 12 selected regions (Figure 7 ), which is simply explained by the fact that nine of them represent land regions. This previous analysis (see also Figure 6 ) also suggests that the Z α0-6 km negative bias over land is mainly due to an underestimation of the aerosol height over the dust and biomass burning source regions (whereas the models generally perform better over the industrial regions). 3. Overall, the Z α0-6 km and AOD results at global scale of the individual models over land and ocean (see Figures S8 and S9, respectively) are consistent with our findings and conclusions for the selected regions (see section 4.2 and Figure 7 ).
Seasonal Mean Distributions
The seasonal latitudinal results (not shown) show similar patterns compared with the annual results, as well as with AeroCom II results at subcontinental scale (section 4.2). As for the annual mean, a better correlation with CALIOP Z α0-6 km is obtained over ocean than over land during each of the four seasons, as well as a model mean negative bias over land and a positive one over ocean. This main result (better performance over ocean) is consistent with AeroCom II simulations over the 12 selected regions that show a good (improved) agreement with CALIOP observations over the maritime regions located downwind of the continental source areas. Both simulated and observed subcontinental patterns show a larger mean aerosol extinction height during Northern Hemisphere summer (JJA) than during NH winter (DJF), over both ocean and land. The largest Z α0-6 km seasonal bias and mean absolute error are calculated for the JJA (À107 m and 24% in model mean, respectively) and the MAM (À74 m and 24% in model mean) seasons over land, whereas they are largest for the SON season over ocean (+177 m and 29% in model mean, respectively), which is also consistent with the simulated subcontinental patterns ( Table 2 ).
The main difference compared to the conclusions of the subcontinental regions analysis is that better correlations with CALIOP observations are generally obtained for the JJA season than for the DJF season, during which only two models (against five for the JJA season) reproduce the CALIOP Z α0-6 km latitudinal gradient over land. But this result could be also partly explained by CALIOP limitations in capturing the aerosol optical properties over land during this season (see section 4.1 and Figure S3a ).
Discussion
AeroCom II versus AeroCom IA results show that the intermodel diversity did not decrease between the two AeroCom phases. While some models do better, others (e.g., Oslo-CTM2, SPRINTARS, and GOCART) are worse in terms of correlation and/or bias than previously. Our results also show that the performance in simulating the Z α0-6 km , extinction height diagnostic over the 0-6 km altitude range generally decreased in model mean over North America's and Europe's industrial and downwind maritime regions, whereas it increased in the dust and biomass burning source regions of Asia and Africa. AeroCom II results also reveal that the vertical aerosol profiles over land are more difficult to capture than over ocean, especially above the main source regions of dust and biomass burning aerosol. Hypotheses for the model diversity and general changes or
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patterns are suggested in section 5.1. It is not possible to identify all the reasons for the diversity in the (changes in the) individual model performances, as it varies widely according to region, season, and model and would require many dedicated sensitivity analyses to isolate causes. Only first conclusions, part of which were proposed in section 4, are further completed and discussed in section 5.2. Being the provider of the AeroCom-CALIOP product, we also found it helpful to the modelers to perform an in-depth analysis of the CALIOP limitations and uncertainties that can potentially contribute to the models versus observation differences ( section 5.3)
Model Diversity and Discrepancies
The uncertainties in emissions (including the injection heights), the complexity of the convective transport processes and of the secondary aerosol formation, and the poor availability of groundbased observations to constrain the models altogether account to a large extent for the remaining discrepancies in the simulation by global models of the aerosol vertical distribution over land, especially in the dust and biomass burning regions. Other studies corroborate our results in many aspects and allow for identifying possible explanations for them. For instance, Textor et al. [2006] showed that the AeroCom models best agree on the emission mass fluxes of "anthropogenic" compared with "natural" matter and that differences in (natural sea salt and) dust aerosols are due to differences in the simulation of the size spectra, in the parameterizations of source strength as a function of the wind speed (and soil properties for dust aerosol), and in the atmospheric dynamical fields. In Kim et al. [2014] , five of the AeroCom models examined in our study have also been evaluated in their ability in simulating the dust fraction of the aerosol over North Africa and the North Atlantic. The authors found remarkable differences among the models in dust emission, removal, and mass extinction efficiency, which all contribute to the large intermodel diversity and large differences compared to observations. Mann et al. [2014] more specifically compared and evaluated 12 AeroCom II models (five of which are examined in the present study) whose aerosol schemes explicitly simulate the microphysical processes that determine the particle size distribution. They found that the vertical profile of particle concentrations in marine regions (evaluated against limited in situ aircraft observations) is captured well by the models, with relatively small intermodel diversity, while higher Figure 8 ), which shows a high diversity in the shape and in the magnitude of the simulated vertical distributions of the OC concentrations, notably over South America. Kipling et al. [2015] investigated the effects of switching off individual processes in one particular model (HadGEM3-UKCA) and compared the resulting diversity of aerosol mass mixing ratio vertical profiles with the intermodel diversity from the AeroCom A2 experiment. They showed that (in this model at least) the vertical profile is controlled by a relatively small number of processes (convective transport, in-cloud scavenging, aqueous oxidation, aging, and the vertical extent of biomass burning emissions) and that sufficiently coarse variations in these processes can produce a diversity similar to that between the different models, in some respects. On the other hand, results also showed that some model features cannot be reproduced, suggesting the influence of further structural differences between models.
In the second phase of AeroCom, four models have used 2006 emissions from Diehl et al. [Lamarque et al., 2010] ) and injection heights were applied. Regarding the 2006 meteorology, different reanalysis fields were also used. All these differences (Tables 1a, 1b , 1c) complicate the interpretation of the model diversity and the changes in the individual models' performance (summarized in Table 5 ) for which few hypotheses can be proposed hereafter (to be further investigated from emission data comparison and sensitivity analyses by the modelers):
1. The fact that the timing of the Z α0-6 km peak season is improved compared to AeroCom I (see section 4.2. and Tables 4a and 4b ) might be at least partly due to differences in the seasonality of the emissions from Diehl et al. [2012] and Lamarque et al. [2010] compared to Dentener et al. [2006] , in particular if injection height assumptions are coupled to emissions. 2. The strong year to year variation in fire emissions, the fact that GFED 2000 emissions [van der Werf et al., 2003] used in AeroCom I were below average because of wet La Niña conditions [Dentener et al., 2006] and that GFED2 and GFED3 data used in AeroCom II are known to be biased low (see, for instance, Kaiser et al. 
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[2012] and Liu et al. [2013] ), could partly explain the underestimation of the mean aerosol height over biomass burning regions in both experiments. 3. We can also suspect that the systematic Z α0-6 km underestimation over of the biomass burning and dust regions during the MAM and JJA peak season are not only due to the input emissions and/or meteorology. Such discrepancies probably also reflect the models' common difficulty in accurately representing the vertical redistribution processes associated to these emissions. The simulation of the uplift of emissions highly depends on the planetary boundary layer (PBL) height and the vertical diffusion parameterization. Each model has a different way of acknowledging and accounting for the PBL, which is not investigated in details in the present study but only slightly evoked for some of the models in the next section. As a preliminary analysis, we simply looked at the seasonal models bias as a function of the vertical resolution (Figure 11 ) over the 14 land latitudinal bands (excluding the GISS-ModelE model for the reason mentioned in section 4.1.1). While one could expect that increasing the vertical resolution would extend the model's capability to represent the aerosol vertical distribution within the PBL, Figure 11 shows negative slopes with significant correlations (p < 0.05) between the bias in Z α0-6 km and the number of model layers below 10 km altitude (N lev0-10 km ), for the MAM (r = À0.623) and JJA (r = À0.578) seasons (p < 0.05; N = 10 models). In other words, a higher vertical resolution of the troposphere may also lead-at least in the dust and biomass burning regions-to an underestimation of the mean aerosol extinction height, e.g., due to the simulation of more (too) shallow boundary layer heights and reduced vertical mixing and upward transport, whereas coarser resolution models may potentially overestimate the aerosol uplift and vertical transport and consequently the Z α0-6 km diagnostic. Such results suggest that, despite the relatively low vertical resolution of the global climate models, there is still room for improving their capability in simulating the vertical distribution of the aerosol. As an additional illustration, the impacts of the revisions of the SPRINTARS model are discussed in this respect in the following section.
Changes in Individual Models' Performance
Not only the input but also the models' schemes have experienced changes between the two AeroCom phases, laying 5 years apart (see Tables 1a, 1b, 1c) . While it is beyond the scope of this study to perform sensitivity analyses for the different models, hypotheses for individual changes (Table 5 ) are investigated hereafter, based on further investigation and discussions with the modelers.
1. The revisions in the PNNL model with respect to the Aerocom IA version [Ghan and Easter, 2006] have been so important that it could be viewed as a different model: They include a newer version of the host GCM with major changes to its cloud parameterizations, changes to convective wet removal, single versus two coarse modes, different secondary organic aerosol treatment (burden much higher), and different emissions and injection heights. The overall performance of the PNNL model in simulating the mean aerosol height over the selected regions has increased (Figure 7 ). While it is now ranked between the five highest performing AeroCom II models over these regions, its ability in reproducing the latitudinal variability of the mean aerosol height at global scale over land is poor (Figure 10 ). The fact that it used the 2000 meteorology and Lamarque et al. [2010] 2000 monthly (decadal) emissions (with seasonality only given for the biomass burning emissions) could partly account for the model discrepancies. 2. The Oslo-CTM2 has been substantially revised. Among the changes that can affect its performance are the changes in the BC aging that now depends on the latitude and season [Skeie et al., 2011b] , whereas it was constant in AeroCom IA, the reduced scavenging from ice precipitation for some of the components (BC, NO 3 , SO 4 , OC), the inclusion of schemes for the formation of secondary organic aerosol (SOA) and nitrates, the shift from 40 to 60 vertical levels, as well as differences in the relative humidity, and the enhanced absorption due to hydrophilic BC. Also, the large-scale precipitation is now removed every hour, rather than every third hour in the previous version, which has a large effect on the vertical distribution of the species. Despite (or because of) of these changes, the model that was among AeroCom I highest performers now shows a significant decrease in its ability in reproducing the shape of the CALIOP-derived aerosol profiles ( Figure 5 ) as well as the magnitude (Figures 6 and 7 ) and seasonality (Tables 4a and 4b ) of the Z α0-6 km , extinction height diagnostic over some source and downwind regions. Nevertheless, the Z α0-3. The SPRINTARS model also experienced significant developments between the two AeroCom phases. Of particular importance for the simulation of the vertical distribution of the aerosol is the vertical resolution that has been enhanced, from 20 to 56 vertical levels. The emission schemes of soil dust and sea salt have also been revised (See Appendixes A and B in Takemura et al. [2009] ). Its ability in reproducing the vertical aerosol profiles over the selected regions is still among the best of the AeroCom models. However, a systematically too low aerosol height is now simulated (Figure 6 ). This decrease in the simulated mean aerosol height between the two AeroCom phases could be due to the version of the MIROC-SPRINTARS boundary scheme version used both in AeroCom phase I and phase II, in which the uplift level of emissions (constrained by equation A1 in Takemura et al. [2000] ), may depend on the vertical resolution. It has been revised in the latest version of MIROC-SPRINTARS that is used in the AeroCom Phase III (T. Takemura, personal communication, 2015) . 4. The main relevant changes in the ECHAM-HAM model that affect the vertical distribution of aerosols are the new cloud microphysics parameterization ( [Lohmann et al., 2007] longer aerosol lifetime in that model version due to slower autoconversion rate) and the new SOA treatment ([O'Donnell et al., 2011] chemical production in the free troposphere, more POM in upper troposphere). As a result, the model which was already among the AeroCom I best performers in its ability in simulating the Z α0-6 km mean extinction over the selected regions but showed a marked systematic negative bias in the aerosol optical depth K12 has improved in both respects (see Figure 7 as well as S5 and S7 in the supporting information). It shows the highest AeroCom II models' ability in reproducing the CALIOP-derived aerosol vertical distribution. This increase in accuracy, notably in the dust and biomass burning regions, is at least partly due to the recent ECHAM-HAM improvements in process representations, which nature and impacts are further discussed in Zhang et al. [2012] . 5. The LSCE model was not changed significantly between the two AeroCom phases. While no significant correlation (p < 0.05) with CALIOP Z α0-6 km , extinction height diagnostic is yet obtained over the selected regions (Figure 7) , the model shows a lower positive bias compared to AeroCom I. This might be partly due to the AeroCom I versus II different modeling setup and input as suggested by the overall decrease in the mean extinction height simulated by most of the models between the two AeroCom phases. The same is true for the significant improvement in the simulation of the seasonality in the Z α0-6 km extinction height diagnostic. 6. Unlike CAM4-Oslo, its early predecessor CCM-Oslo denoted UIO_GCM in K12 used prescribed mineral and sea salt aerosol concentrations [Kirkevåg et al., 2005] , thus underestimating the seasonal variability in regions that are dominated by sea salt and dust. This probably explains to a large extent the improvement obtained in the simulation of the Z α0-6 km , mean extinction height seasonality by CAM4-Oslo compared to CCM-Oslo (Tables 4a and 4b ). The model also experienced changes in the treatment of convective transport and mixing between convective downdraft and updraft plumes. In CCM-Oslo (AeroCom I) vertical transport of aerosols and precursors in deep convective clouds was omitted altogether, probably underestimating concentration in the free troposphere, while it is included in CAM4-Oslo [Kirkevåg et al., 2013] and in the intermediate model version CAM-Oslo [Seland et al., 2008] . In CAM-Oslo, it was assumed that sheargenerated turbulence fully mixes the constituents between the updrafts and downdrafts. This special assumption was not ported to CAM4-Oslo. As a result, CAM4-Oslo was shown [Kirkevåg et al., 2013 ] to provide increased (and relatively high) mass mixing ratios at high altitudes compared to the previous versions. Although giving a smaller bias, the model ability to reproduce the mean annual patterns of the aerosol vertical distribution over the selected regions has become poorer in the AeroCom II model version (Figure 7 ). 7. The case of the GISS-ModelE is particular in the sense that its improvement in simulated mean extinction height over the 12 selected regions is associated to a deterioration of the simulated shape of the vertical profiles, which now show a quite unrealistic bimodal shape ( Figure 5 ) due to in-cloud aerosol formation of sulfate aerosol (see section 4.1.1). This also at least partly explains why the AOD simulated over the sea and the land latitudinal bands are also not consistent with MODIS and CALIOP observations (Figure 9 and S9). The improved performance of the model in simulating CALIOP Z α0-6 km , over the 12 regions might be partly due to the (increased) vertical resolution, which we showed to be significantly correlated to the magnitude of the simulated mean extinction height over land (see Figures 11) . 8. Finally, while a low bias and a good correlation (p < 5%) with CALIOP Z α0-6 km , extinction height diagnostic was obtained in AeroCom IA by the GOCART model (Figure 7) , the most recent model's version shows a particularly low performance in simulating the mean aerosol height over the selected regions and the
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latitudinal bands, despite the fact that it has not been highly revised since K12 (see Tables 1a , 1b, 1c) . The model performance in simulating Z α0-6 km could be affected by the lower vertical resolution in AeroCom II simulations (N lev0-10 km = 12) compared to AeroCom I (N lev0-10 km = 17) simulations. This hypothesis, which is supported by the negative correlation obtained between the change in Z α0-6 km mean bias over the 12 selected regions and the changes in N lev0-10 km (see Table S1 and Figure S7 ), would require, as for SPRINTARS and GISS-ModelE simulations, further model sensitivity studies to be confirmed.
Despite the complex combination of differences in emission, meteorology, and model schemes between AeroCom I and II simulations, the results of K12 and of the present study, together with the modelers' understanding of their model's skills, limitations, and sensitivity, allowed to put forward first conclusions on the main factors responsible for the changes in the models' performance. These analyses and conclusions also allow us to propose a first guess of the respective weight of changes in emissions (meteorology) and model schemes (see Table 5 ). For most of the studied models, the changes in (the vertical resolution and other aspects of) the model schemes are suspected to have significantly affected the simulated mean aerosol vertical profiles over the selected regions, showing the need and the room for further sensitivity analyses and model improvement.
CALIOP Limitations and Uncertainties
In the first model evaluation K12, several sensitivity analyses demonstrated that the AeroCom-CALIOP product provides a robust and representative signal of the seasonal aerosol typical height, over selected subcontinental regions. Among those, the effect of removing daytime data was shown to only have a relatively small impact on the shape of the aerosol vertical distributions and mean aerosol height over the selected regions (i.e., with Z α0-6 km differences <10% for nine regions and <17% for the four other ones, as compared to the 24 h mean annual profiles).
The present study reveals that the AODs derived from the AeroCom-CALIOP extinction product also generally agree with MODIS measurements, over land and ocean latitude bands, with some discrepancies obtained during the DJF season over land, and during the MAM and JJA seasons over ocean (see sections 4.1 and 4.2.1, Figure 9 ). The particularly good agreement obtained between CALIOP and MODIS over land during the MAM and JJA seasons suggests that the high model biases obtained in these seasons in the dust and biomass burning regions are more likely due to modeling than to CALIOP product limitation. More generally, the consistency of the AeroCom-CALIOP-derived AOD with the MODIS retrievals, and the similarity of the mean aerosol extinction heights derived from the AeroCom and NASA aerosol products (see section 4.1) provides good confidence in the use of either data set for the evaluation of the model simulations. Nevertheless, further analysis of uncertainties in the CALIOP-derived extinction profiles and the differences between the AeroCom and NASA aerosol products is still needed.
The AeroCom and NASA CALIOP global products show substantial differences within the 0-500 m altitude range ( Figure S2 ), which we suspect to be to a large extent due to the use of the CALIOP Level 2 layer data versus CALIOP Level 2 profile data, respectively (sections 3 and 4.1.). Moreover, as also discussed in section 3, some of the screening and averaging procedures used in the present study are different than in Winker et al. [2013] . In particular, the fact that the NASA method ignores more "clear" air near the surface during averaging tends to increase the magnitude of extinction near the surface compared to our methodology.
Another difference is that we use a more restrictive range of the cloud-aerosol discrimination (CAD) score compared to Winker et al. [2013] . In addition to the different processing choices, further investigation highlighted potential sources of bias in the respective algorithms of CALIOP Layer data processing. Both the biases and the algorithm differences, and their impact on the retrieved aerosol profiles and mean aerosol height diagnostics are discussed hereafter.
Sources of Bias in the Processing
Sources of bias due to the data processing have been identified in both the NASA (D. Winker, personal communication, 2015) and the AeroCom CALIOP-derived global product. In our case, the bias is due to how aerosol layers are identified and processed within the CALIOP Layer algorithm. Indeed, the CALIOP Layer 5 km product reports layers detected at multiple averaging resolutions (5 km, 20 km, and 80 km). Because of this multistep approach, aerosol layers may appear to overlap in the vertical dimension. Such multiaerosol layers at a given altitude have been averaged when building the AeroCom-CALIOP product, whereas the layers detected at higher spatial resolutions should have been overwritten, rather than overlapped, the ones detected at coarser spatial resolutions. Figure S2 shows the impact of this misrepresentation on the shape
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of the normalized mean annual profiles, as calculated from a simple regional averaging as in K12. The impact appears to be very small, inducing differences in the Z α0-6 km annual values (up to 2%) that are inferior to the ones due to the horizontal averaging ( Figure S1 ). The impact on the seasonal Z α0-6 km values is also very limited, to the point that it would be hard to distinguish between the corrected (not reported) and noncorrected Z α0-6 km values in Figure 8 . In conclusion, this source of bias-to be corrected in the next version of the AeroCom-CALIOP product-neither affects the present and K12 studies' results and conclusions nor explains the differences between the NASA and AeroCom mean aerosol profiles.
Effects of Different Algorithm Choices
In the CALIOP Layer product, the base altitudes of optically thick aerosol layers are sometimes biased high due to lidar signal attenuation or perturbation, which causes an underestimate in the aerosol extinction at low levels. To reduce this anomaly, we assume the lowest aerosol layer to extend to the surface whenever its height above the surface is less than 10% of the layer depth. Winker et al. [2013] ignore the "clear air" samples between the surface and the lowest aerosol layer when its base is above the local surface but lower than 2.46 km. Second, similarly to Yu et al. [2010] and K12, we exclude the aerosol layers that have low CAD scores (i.e., lying between À50 and 0), in order to include only well-defined aerosol layers, whereas Winker et al.
[2013] used a less restrictive threshold (i.e., À20 instead of À50). In order to examine and quantify the effects of different algorithm choices, we recalculated the mean aerosol profiles over our 12 selected regions, applying the K12 methodology but using a CAD threshold of À20 and Winker et al. [2013] processing below 2.46 km. Because of the horizontal resolution of the NASA Level 3 aerosol product (2°× 5°latitude-longitude grid), the domains of the regions are slightly different compared to Figure 2 . As expected, an increase in the magnitude of extinction is obtained compared to K12 but to an extent that is not sufficient to reach the extinction values derived from the NASA product in the lowest kilometer ( Figure S2a) . Moreover, the modification of the CALIOP Layer data processing does not substantially impact the normalized profiles and the mean regional Z α0-6 km annual extinction values ( Figure S2b ). As for the incorrect treatment of the overlapping layers, the change in Z α0-6 km is (up to 2.6%) less than the one due to the horizontal resolution (up to 5%).
The processing of the "overlapping" aerosol layers, the different treatment of the clean air below the lowest aerosol layer, and the use of different CAD thresholds and vertical resolutions have small effects on the profile shape and do not allow to explain the 0.2 km Z α0-6 km difference between the two CALIOP-derived products shown in Figure 3 . While additional sensitivity tests would be required in order to quantify the impact of other differences (e.g., in the cloud masking), we conclude that the higher aerosol extinction obtained in the first kilometer in the NASA product is very likely predominantly due to the use of the CALIOP Level 2 aerosol profile data instead of the Level 2 aerosol layer data, which are used to build the AeroCom-CALIOP product. It is also worth noting that the NASA CALIOP Level 3 product has been recently updated. The new version 3.00 includes many corrections, modifications, and improvements including refined sky conditions reduced biases in single-species averages and corrected mean aerosol optical depth calculations. Among the modifications, the altitude threshold under which the "clean air" parcel between the surface and the base of the lowest aerosol layer is ignored (see section 3) has been decreased in the new NASA algorithm (from 2.46 km) to 250 m. Figure S10 compares our Z α0-6 km mean annual extinction heights over the 12 selected regions to the ones calculated from the two versions of the NASA CALIOP Level 3 product. It shows that the recent updates in the NASA product tend to reduce the Z α0-6 km differences with the AeroCom-CALIOP product for 10 out of the 12 studied regions. As a result, the Z α0-6 km mean bias between the AeroCom-CALIOP and NASA products decreases from 18% to 14%.
Summary and Conclusions
This paper is an update and extension of the K12 study. Its primary objective was to determine to what extent state-of-the-art AeroCom II global aerosol models reproduce CALIOP-derived aerosol vertical distribution over 12 selected subcontinental regions and in what aspect models have improved since the AeroCom Phase I. It also aimed at further evaluating the models' performance at global scale, through the analysis of the latitudinal gradients over land and ocean. To fulfill these objectives, an in-house AeroCom-CALIOP global product has been built, using the methodology applied in K12 to produce the CALIOP-derived mean subcontinental benchmark data set. Further sensitivity tests were also performed to better assess the data set's limitations and uncertainties.
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The models' ability in reproducing CALIOP-derived mean aerosol extinction profiles was shown to still depend highly on the model, the season, and the region. Nevertheless, agreements and discrepancies with observations were identified that should provide guidance to the modelers in identifying and investigating the factors responsible for the changes in the model performance and remaining biases. From the analysis of the AeroCom II models' performance on subcontinental regions, we found that about half of the models capture the Z α0-6 km interregional diversity and the regional seasonality well. Five models improved, whereas three degraded in reproducing the mean annual Z α0-6 km values compared to AeroCom IA and the multimodel mean absolute error decreased from 16% to 11%. The seasonal biases in Z α0-6 km have generally decreased in the U.S. and European industrial and downwind maritime regions, whereas the timing of the Z α0-6 km maximum over the different regions has improved for all but two models. This improvement may at least partly be explained by the use of higher time resolution or better-resolved seasonality of the input emission data and/or of the models' emissions schemes (e.g., for dust and sea salt aerosols). On the other hand, most of the models now underestimate the mean aerosol extinction height over land, which is particularly pronounced during the season of peak dust and biomass burning emissions in Asia and Africa. This result, also found but to a lower extent in AeroCom Phase I simulations, is confirmed at global scale: All but two models reproduce the Z α0-6 km latitudinal gradient over ocean, whereas only four out of the 11 AeroCom II models do over land, where they also generally show higher mean absolute errors than over ocean. The negative bias of the aerosol mean extinction height over land is mainly due to a Z α0-6 km underestimation in the dust and biomass burning source regions, which does not seem to be improved-and might even be worsened-from an enhanced vertical resolution within the PBL. Our results suggest that a higher vertical resolution of the troposphere may lead-at least in the dusty and biomass burning regions -to an underestimation of the mean aerosol extinction height, due to the too shallow PBL height and reduced vertical mixing and upward transport, whereas coarser resolution models might overestimate the uplift and vertical transport of the aerosol. It is also worth mentioning that the GFED2 and GFED3 input emissions may partly contribute to the simulated low-biased aerosol height in the fire regions. The use in the future of the GFED4 biomass burning emission inventory, which includes more burned area in most regions of the globe and shows significant differences compared to GFED3 (http://www.globalfiredata.org/), might substantially modify these figures.
As for the AeroCom-CALIOP global monthly product, we carried out sensitivity tests that provided further information on its limitations and uncertainties, and their impact on the models versus observations differences. Its comparison to the NASA gridded product for the year 2007 revealed significant differences in the lowest troposphere, due notably to the different vertical resolution the processed CALIOP Level 2 Layer and profile data, which however do not strongly affect the main results and conclusions reported in section 4. Furthermore, according to our preliminary analysis of the new version of the NASA product, these differences are reduced compared to the ones with Winker et al. [2013] product. These results confirm the robustness and potential of the AeroCom-CALIOP data set to assist aerosol models' evaluation. Together with the analysis of the (AeroCom I to) AeroCom II (changes in the) model results, they also raise the need for further work in assessing the impact of the models' original vertical resolution on the shape of the interpolated model extinction profiles, notably within the PBL, and on the resulting Z α0-6 m biases.
Our methodological approach is currently being refined and the AeroCom-CALIOP product extended to the year 2011. It will serve for the evaluation the AeroCom global and AQMEII (Air Quality Model Evaluation International Initiative; http://ensemble2.jrc.ec.europa.eu/aqmeii/) regional models, which are participating in the second multimodel exercise of the Task Force on Hemispheric Transport on Air Pollution (HTAP) that focuses on the years 2008 and 2010 and requires the use of common anthropogenic emissions data by the global models [Janssens-Maenhout et al., 2015] . One of the goals of the HTAP Task Force is to further understand aerosol intercontinental transport and to assess its impacts on air quality, climate, and ecosystems (http://www.htap.org/). This requires evaluating and/or constraining models with measurements having adequate temporal frequency and spatial-temporal coverage on a global scale (see, for instance, Yu et al. [2013] ). In this respect, our preliminary sensitivity analyses on the impact of the input emissions ( Figure S4 of K12) , of the sampling of the models' outputs on the time of CALIOP overpasses ( Figure S2 of K12) and of the horizontal ( Figure S1 , present study) and vertical (Figures 11, S2 , and S7) resolutions of the CALIOP and model-derived profiles need to be extended if we want to further assess, notably at regional scale, the models' discrepancies, and the limits of the AeroCom-CALIOP product. Use of satellite aerosol
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024639 retrievals to constrain aerosol models could also be further improved if aerosol instrument simulators [BodasSalcedo et al., 2011] are to be applied to the simulated aerosols to overcome issues of biases due to attenuation and contamination. While it is difficult to find independent data with which to evaluate the accuracy of CALIOP monthly mean aerosol, one could make use of the large data set of colocated high spectral resolution lidar measurements of 532 nm aerosol extinction that is available over North America and the eastern Caribbean [Hair et al., 2008; Rogers et al., 2011; Winker et al., 2013] , and the aerosol-type-dependent extinction data derived from European Aerosol Research Lidar Network ground-based measurements over Europe [Pappalardo et al., 2014] . Finally, while aerosol extinction is an important constraint on the simulated aerosol, the vertical distribution of aerosol absorption is also important to constrain. Although vertical profiles of aerosol absorption cannot be measured by current satellites, a new generation of lidars have such capability, at least under sufficiently polluted conditions. Deployment of such lidars in space will open new opportunities for constraining simulations of aerosol and their impacts on climate.
